We systematically construct I(J P ) = 0(3 + ) six-quark local interpolating currents without derivative operators. We discuss the best choice of operator to perform a QCD sum rule analysis to calculate the mass of the d * (2380). The mass extracted from this analysis is M d * = 2.4 ± 0.1 GeV, consistent with the d * (2380) mass observed by the WASA detector at COSY. We also obtain a sum-rule lower mass bound M d * > 2.25 GeV. We also consider the effect of mixing with another dibaryon field with the same quantum numbers, and perform the QCD sum rule analysis of the mixed interpolating current and extract the mass of the d * (2380) and its lower mass bound. With optimized mixing parameters, we find that the mixed current does not change the numerical result significantly.
I. INTRODUCTION
Recently, the WASA detector at COSY confirmed their early observations of the d * (2380) [1] [2] [3] [4] 6] : to explore the nature of the ABC effect [7] , they measured the polarized np scattering, and their partial-wave analysis exhibited a resonance pole at (2380 ± 10 − i40 ± 5) MeV with quantum numbers I(J P ) = 0(3 + ) [5] . The d * (2380) may be a ∆∆ dibaryon or a six-quark state, first predicted on the basis of SU (6) symmetry by Dyson and Xuang in 1964 [8] . Since then, many theoretical efforts have been made to study this state. In Ref. [9] it was first denoted by d * (2380), and in Ref. [10] Oka and Yazaki suggested its existence by investigating the onegluon-exchange interaction between quarks. In Refs. [11] [12] [13] [14] [15] the authors calculated its mass and decay width. The Ref. [13] calculation, where hidden color configurations are included, is in particularly good agreement with the Ref. [5] experimental finding. In Refs. [16, 17] Gal and Garcilazo did a three-body study and they also obtained a mass consistent with the experimental value. In Ref. [18] the authors suggested that it has a "hidden-color" six-quark configuration. Recently, an alternative explanation of the d * (2380) was suggested by Bugg [20] . The effect of the d * (2380) was discussed in Refs. [19, 21] by analysing the WASA experiments (see also [22, 23] for related studies). Besides the d * (2380), another the H-dibaryon candidate proposed by Jaffe [24] has also received considerable attention. In this paper we study the d * (2380) using QCD sum rule techniques. We systematically construct I(J P ) = 0(3 + ) six-quark local interpolating currents without derivative operators. We present arguments for choosing one of these operators, and perform QCD sum rule analyses to calculate the mass of the d * (2380). The extracted mass is consistent with the Ref. [5] experimental value. We then consider mixing this operator with another I(J P ) = 0(3 + ) dibaryon field and perform the QCD sum rule analysis for this mixing interpolating current. The numerical results show that this mixed current does not change our previous conclusions significantly. This paper is organized as follows. In Sec. II, we construct the interpolating currents for d * (2380) and select one of them, J α1α2α3 , to perform QCD sum rule analyses in Sec. III. We study the mixing interpolating current in Sec. IV. A brief summary is given in Sec. V.
In this section we construct six-quark local interpolating currents for d * (2380) without derivative operators. Local interpolating fields for dibaryons consisting of six quarks can be generally described as
where a · · · f are color indices, A · · · F are flavor indices, and Γ abcdef and Γ ABCDEF are used to denote their internal color and flavor structures, respectively; q A (x) = (u(x) , d(x) , s(x)) is the flavor triplet quark field at location x; the superscript T represents the transpose of the Dirac indices only; and C is the charge-conjugation operator. In this paper we also use the following notations: λ N (N = 1 · · · 8) are the Gell-Mann matrices, ǫ ABC is the totally anti-symmetric tensor, and S ABC P (P = 1 · · · 10) are the normalized totally symmetric matrices. Although the internal structure of the dibaryon can be very complicated, some simplifications are possible. First we investigate the color matrix Γ abcdef . The dibaryon is a color singlet, and there are five possible combinations to compose a color-singlet object using six quarks:
The corresponding color matrices are
We note there is another color structure 8 C (ǫ gbc λ N ga ) for color-singlet baryon fields, but it is related to 8 A and 8 B through the following relation:
and therefore the color structure can always be simplified as combinations of two ǫ tensors. Moreover, these two ǫ tensors can be transformed to be ǫ abc ǫ def via Fierz transformations. For example,
which can be further simplified to:
Here we use B 1,i,j and B 2,i,j to denote the two color-singlet baryon fields with flavor matrices Γ ABC j and Γ DEF j , respectively. Eq. (6) means that we can always transform a dibaryon local interpolating field into a combination of two color-singlet baryon fields by using Fierz transformations.
The local color-singlet baryon fields without derivatives have been systematically studied and classified in Ref. [25] , where we found that there are altogether six independent baryon fields, including one flavor-singlet, three flavor-octet and two flavor-decuplet baryon fields. Among these fields, three of them do not have free Lorentz index:
two of them have one free Lorentz index:
where
and only one of them has two anti-symmetric free Lorentz indices:
We note that they all have a positive parity, except ∆ P 2µν . The baryon fields with a negative parity can be obtained simply by inserting an extra γ 5 .
We can now use these color-singlet baryon fields to construct the dibaryon interpolating fields. The 0(3 + ) dibaryon field without derivatives can be generally written as
where S denotes symmetrization and subtracting the trace terms in the sets (α 1 α 2 α 3 ), and J ′ α1α2α3;β1···βj result in dibaryon interpolating fields containing 0(3 + ) components. We note that these operators can contain more than three free Lorentz indices. A familiar example is the electromagnetic field F µν which has two antisymmetric Lorentz indices but has spin only 1. To construct such a dibaryon field: (a) the matrix between two baryon fields, Γ ′ 2,i of Eq. (6), should contain either one free Lorentz index γ µ , or two anti-symmetric Lorentz indices σ µν ; (b)additionally, we need two extra symmetric Lorentz indices. We find the following four currents containing 0(3 + ) components:
and the following four currents containing 0(3 ± ) components, i.e., both 0(3 + ) and 0(3 − ) components:
In this paper we shall choose only one of these operators to perform QCD sum rule analyses. In Ref. [26] all these baryon fields were used to perform QCD sum rule analyses. The results showed that only sum rules from ∆ P 1µ are reasonable. Furthermore, the mass sum rules from N N 3µ are unphysical (the spectral density is negative in the physical region) while those from ∆ P 2µν are too trival to give reliable results. Hence, (∆
may be good candidates forQCD sum rule studies. However, the latter current contains both 3 + and 3 − components,
We note that the exact 0(3
]. We assume J α1α2α3 couples to the d * (2380) with I(J P ) = 0(3 + ) through
where f d * is the decay constant; η α1α2α3 is the symmetric and traceless polarization tensor, which has the following properties at the leading order (only counting g µν ):
where S ′ denotes symmetrization and subtracting the trace terms in the sets (α 1 α 2 α 3 ) and (β 1 β 2 β 3 ).
III. QCD SUM RULE ANALYSIS
QCD sum rule techniques have proven to be a powerful and successful non-perturbative method over the past few decades [27, 28] . In sum rule analyses, we consider the following two-point correlation function:
and compute Π(q 2 ) in the QCD operator product expansion (OPE) up to certain order in the expansion. The result is then matched with a hadronic parametrization to extract information about hadron properties. At the hadron level, we express the correlation function in the form of the dispersion relation with a spectral function:
where the integration starts from the physical threshold. The imaginary part of the two-point correlation function is
As usual, we adopt a parametrization of one pole dominance for the ground state d * (2380) and a continuum contribution. The sum rule analysis is then performed after the Borel transformation of the two correlation function expressions (19) and (20) 
Assuming the contribution from the continuum states can be approximated well by the OPE spectral density above a threshold value s 0 (duality), we arrive at the sum rule relation for the d * (2380) In this sum rule the chirally-suppressed contributions from current quark masses are neglected because they are numerically insignificant. Moreover, the terms containing quark-related condensates in OPE are found to be significantly larger than those containing gluon-related condensates. In our calculation, we consider only leading order contributions from the two-gluon condensate ( g 2 s GG ). We would like to note that we have used the Mathematica F eynCalc package [29] to calculate the OPE. We have calculated the correlation function up to dimension 16 to make sure that the convergence of Eq. (23) is sufficient for a reliable QCD sum rule. To study this convergence, we use the following values for various condensates [30] [31] [32] [33] [34] [35] [36] [37] [38] : Eq. (26) shows that the OPE convergence improves with increasing M B . Therefore, we will work at the Borel mass region M 2 B ≥2.2 GeV 2 in our analysis to ensure that the perturbative contribution is the dominant contribution. In this region, the dimension six and dimension eight condensates become significant to satisfy the OPE convergence. In the following, we shall calculate the mass of the d * (2380) with s 0 around 6 GeV 2 . Another criterion of QCD sum rule is the pole contribution
However, it is only about 0.0002 when M 2 B ∼ 5 GeV 2 and s 0 ∼ 6 GeV 2 . We can not increase it to be larger than 0.01 in a wide region of 3 GeV 2 < M 2 B < 15 GeV 2 and 5 GeV 2 < s 0 < 7 GeV 2 . This is similar to other sum-rule analyses with multi-quark states, the pole contribution is small because of the large powers of s in the spectral function. In the following analyses, we find reasonable regions for the Borel mass M B and the threshold value s 0 , in which the final results are stable against these two free parameters.
Our final expression for the mass of the d * (2380) is
.
In Fig. 1 we first show the variations of M d * with respect to the threshold value s 0 , in a large region 3 GeV 2 < s 0 < 8 GeV 2 and M 2 B = 3, 4, 7, 12, 30, 50 GeV 2 . It shows that the obtained mass decreases monotonically and quickly with M 2 B from 3 GeV 2 to 7 GeV 2 . However, the dependence of our results on M 2 B becomes much weaker as M 2 B continues increasing from 7 GeV 2 . All these curves have a mass minimum in a similar region when s 0 is around 5.5 GeV 2 . Hence, the s 0 dependence of the mass prediction is also weak at this point. Accordingly, we use the following parameters as our working region:
and obtain the mass of the d * (2380) to be
We also evaluate the decay constant f d * to be:
Moreover, we find that the curves start to fluctuate merge when M 2 B is larger than about 50 GeV 2 , so we can not obtain a mass below 2.25 GeV. Therefore, we find a lower bound on the d 
IV. MIXING OF CURRENTS
In the previous section we used one ∆ − ∆ type dibaryon interpolating field, J α1α2α3 , and performed the QCD sum rule analyses. However, there are many other dibaryon fields with I(J P ) = 0(3 + ), which may lead to different results. It is challenging to investigate all these possibilities, and so we shall only study the effect of mixing one extra current with J α1α2α3 . The new current is still a ∆ − ∆ type dibaryon interpolating field:
Again we note that the exact 0(3
]. The mixing current constructed from these two operators is written as:
where t 1 and t 2 are two real mixing parameters. From Eqs. (14) and (15) we can find that this current can be used generally to describe local dibaryon currents of color-singlet-color-singlet ∆ − ∆ type. Using this mixed current, we arrive at the following sum rule:
First, we take t 1 = 0 and t 2 = 1, and use the single current J ′ α1α2α3 to perform the QCD sum rule analyses. The results shown in Fig. 3 are quite similar to Figs. 1 and 2 obtained by using J α1α2α3 . Then we assume t 1 and t 2 to be both nonzero, and use the mixing current J mix α1α2α3 to perform QCD sum rule analyses. We find that as long as the Borel transformed two-point correlation function Π mix (s 0 , M 2 B ) is positive in our working region s 0 around 5 ∼ 7 GeV 2 , the results are also quite similar: we obtain the same mass of the d * (2380) of M d * = 2.4±0.1 GeV, but its lower limit can be slightly reduced to be 2.2 GeV after we carefully fine-tune t 1 and t 2 to be 0.27 and −0.73, respectively. Therefore, we arrive at the conclusion that the mixing of ∆ − ∆ like local dibaryon currents does not change our previous conclusion significantly. 
V. SUMMARY
In summary, we have systematically constructed I(J P ) = 0(3 + ) six-quark local interpolating currents without derivatives. We have presented arguments for selecting one of them to perform QCD sum rule analyses and calculated the mass of the d * (2380). The OPE was calculated up to dimension 16 and we verified that its convergence is acceptable.The mass predictions are stable under variations in the two sum-rule parameters in the following regions
The sum-rule prediction of the d * (2380) mass is M d * = 2.4 ± 0.1 GeV and its corresponding decay constant is f d * = (5.3 ± 1.8) × 10 −5 GeV 8 . Our result is consistent with the experimental value of the d * (2380) mass [1] [2] [3] [4] [5] [6] . We also obtained a lower bound of M d * > 2.25 GeV for the d * (2380) mass. Considering the dibaryon current used in this paper is a ∆−∆ like current, where two ∆'s are both color singlets (see Eq. (16)), this result may suggest that the ∆−∆ bound state has a binding energy less than 214 MeV. To ensure that our conclusions are not significantly influenced by the choice of interpolating current, we mix the previous current J α1α2α3 with another ∆ − ∆ dibaryon operator J ′ α1α2α3 with the same quantum numbers. We calculate the two-point correlation using this mixed interpolating current and then perform the QCD sum rule analysis to extract the mass of the d * (2380) and its lower mass bound. The numerical results show that this mixing effect does not change our previous conclusion for the d * (2380). However, all the dibaryon currents discussed in this paper are local currents without derivatives. This makes it challenging to determine whether the d * (2380) is a ∆∆ bound state or a six-quark state with hidden-color configurations, because we can always use the Fierz transformation to change a color-octet-color-octet structure to be a combination of color-singlet-color-singlet structures (see Eqs. (5) and (6)), and vice versa. To discriminate between them in the QCD sum rule, one can use a non-local current, such as
where one ∆ state is at location x and the other at y. Other areas of future investigation could include the use of currents containing derivative operators to perform QCD sum rule analyses.
